Dihydroxyacid dehydratase (DHAD) is the third enzyme required for branched-chain amino acid biosynthesis in bacteria, fungi, and plants. DHAD Biosynthesis of branched-chain amino acids (BCAAs), 4 namely leucine, isoleucine, and valine, is of particular research interest, not only because they are among the essential amino acids required by mammals, but also because the enzymes along their biosynthetic pathways are crucial in fermentative production of important industrial products (1). Dihydroxyacid dehydratase (DHAD, EC 4.2.1.9) catalyzes the third step of the BCAA biosynthesis, i.e. dehydration and tautomerization of 2,3-dihydroxyisovalerate and 2,3-dihydroxy-3-methylvalerate to the corresponding 2-keto acids, and an active-site Fe-S cluster has been shown to play a central role in catalysis (2-4).
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DHADs have been identified in bacteria, archaea, fungi, and plants (2, 3, 5, 6) and are best characterized in Escherichia coli and spinach (Spinacia oleracea). As-isolated E. coli DHAD contains a [Fe 4 S 4 ] 2ϩ cluster that is probably coordinated by a noncysteinate ligand at a specific iron site, as indicated by resonance Raman (RR) spectroscopy (3) . As is the case for other Fe-S cluster-containing (de)hydratases, such as aconitase (7) (8) (9) , the [Fe 4 S 4 ] 2ϩ cluster in E. coli DHAD is readily degraded, particularly in the presence of O 2 or reactive oxygen species (ROS). As a result, even when purified under anaerobic conditions, the enzyme contained traces of cubane and linear [Fe 3 S 4 ] 1ϩ cluster species, which correspond to the initial O 2 -induced degradation products of the [Fe 4 S 4 ] cluster (3) . DHAD activity loss resulting from O 2 -induced [Fe 4 S 4 ] cluster degradation has been studied both in vivo and in vitro (4, 10) . Moreover, the NO-induced cluster degradation of bacterial DHADs has been implicated in the mammalian immune response against pathogens (11) (12) (13) . In contrast, DHAD as-isolated from spinach has been shown to accommodate a [Fe 2 S 2 ] 2ϩ cluster, which is rare among the large family of Fe-S cluster-containing (de)hydratases (2) . Dithionite-reduced spinach DHAD containing a [Fe 2 S 2 ] 1ϩ cluster was found to have 15-20% of the oxidized enzyme activity and exhibited EPR signals that undergo significant changes on binding substrate or product. In contrast to the [Fe 4 clusters (10) .
The catalytic mechanisms of DHADs are not yet fully understood, but have been shown to involve an enol intermediate with loss of a proton on the ␣-carbon during the tautomeriza-tion process (14) . The substrate specificity and stereochemistry of DHADs have been studied in various organisms. It appears that both hydroxyl groups and the R-configuration at the ␣-carbon are required for the binding and recognition of the substrate, whereas configuration at the ␤-carbon is less important (15) (16) (17) . The configuration of the ␤-carbon was retained after turnover, i.e. the hydrogen was added on the same side where the hydroxyl group was removed, implying that the enol intermediate was not released until the tautomerization was completed (14) . Based on spectroscopic data and substrate specificity studies, it is postulated that the Fe-S cluster acts as a Lewis acid to activate the 3-hydroxy group of the substrate during the catalytic cycle (2, 16) . The proposed mechanisms for both the [Fe 2 S 2 ] and [Fe 4 S 4 ] cluster-bound enzymes are depicted in Fig.  1 (18) .
Thus far, studies on DHADs have been focused on the enzymology perspective, whereas little is known concerning activesite maturation and mechanisms of activation/inactivation. Over the last 2 decades, a number of highly conserved biosynthetic machineries dedicated to the biogenesis of Fe-S clusters have been discovered (19, 20) . In vivo maturation of Fe-S proteins involves sulfur removal from cysteine by cysteine desulfurase, specific sulfur and iron delivery to the scaffold proteins, cluster assembly on the scaffold proteins, and intact cluster transfer to target enzymes either directly or via intermediate cluster carrier proteins (19, 20) . However, the immediate cluster donor for [Fe 4 S 4 ] or [Fe 2 S 2 ] cluster-containing DHADs has yet to be determined. Insight into the mechanism of inactivation/activation of [Fe 4 S 4 ] DHADs came from the observation that the loss in DHAD activity observed when E. coli cells are exposed to hyperbaric O 2 levels is restored upon incubation in ambient air, without elevated protein expression levels (4). Subsequent in vitro reconstitution of inactive DHAD using E. coli crude cell extract identified four proteins that were involved in activation of DHAD, including IscS, a cysteine desulfurase, and three other enzymes involved in the cysteine metabolism pathway (21, 22) . Other proteins that may be involved in the activation or maturation of E. coli DHAD are IscA and SufA, potential iron or Fe-S cluster carrier proteins (23) (24) (25) (26) that have been shown to be required for bacterial [Fe 4 S 4 ] cluster biogenesis under oxidative stress conditions (27) . By incubating apo E. coli DHAD with iron-loaded E. coli IscA/SufA in the presence of IscS and cysteine, Ding and co-workers (27) successfully restored DHAD activity. Moreover, Lill and co-workers (28) have performed in vivo studies to show that yeast (Saccharomyces cerevisiae) Isa1/Isa2, homologs of bacterial IscAs, are essential for the maturation of [Fe 4 S 4 ] 2ϩ centers in mitochondrial proteins but are not required for the maturation of DHAD. Based on this observation and phylogenetic analyses, it was proposed that yeast DHAD contains a [Fe 2 S 2 ] cluster, as is the case in plant enzymes (28) .
In plants, BCAAs are synthesized in plastids (29, 30) . Consequently, it is highly likely that plant DHADs are also located in plastids. Numerous proteins have been implicated in the biogenesis of Fe-S clusters in plastids, which utilize the SUF (sulfur utilization factors) machinery, including SUFBCD, SUFA1, SUFS, and SUFE, in addition to other proteins such as three NFU proteins (NFU1, NFU2, and NFU3), two monothiol glutaredoxins (GRXS14 and GRXS16), and the high chlorophyll fluorescence 101 (HCF101) protein (31, 32) . Among these proteins, only NFU2 (33-36), GRXS14/S16 (37), and SUFA1 (38, 39) have been shown to bind [Fe 2 S 2 ] clusters and therefore could potentially serve as Fe-S cluster donors for the maturation of plant DHAD. In this work, we present a comprehensive spectroscopic characterization of recombinant Arabidopsis thaliana (At) DHAD expressed in E. coli and an in vitro characterization of the immediate plastidial cluster donor for maturation of apo-DHAD.
Results

Spectroscopic characterization of as-purified AtDHAD
DHAD purified from spinach leaves was reported to contain stoichiometric [Fe 2 S 2 ] clusters (2). Although AtDHAD heterologously expressed in E. coli and purified under aerobic conditions was found to exclusively contain [Fe 2 S 2 ] clusters, the spinach DHAD (B) . In both mechanisms, DHAD is depicted as binding to a unique iron site of the cluster solely by the 3-hydroxyl group of the substrate. However, the possibility that the substrate carboxyl and/or 2-hydroxyl groups are also bound to the cluster cannot be excluded. Adapted from reference (18 2ϩ clusters per DHAD monomer. The CD spectrum is dominated by positive-negativepositive-negative-positive bands, centered at 320, 385, 467, 538, and 620 nm, respectively. Upon incubation with a 20-fold excess DTT, both the absorption and CD spectra underwent remarkable changes over the entire wavelength region. The absorption spectrum became more intense and less well-resolved throughout the UV-visible region, and the CD spectrum was completely different. 2ϩ cluster that binds DTT in AtDHAD was provided by RR studies in the Fe-S stretching region (Fig. 4) . RR spectroscopy provides information on the vibrational properties and coordination environment of Fe-S clusters and is sensitive to cluster ligation. The bands observed for as-purified DHAD are readily assigned based on normal mode calculations and 32 
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(289 -302 and 332-356 cm Ϫ1 , respectively) (36, 40, (42) (43) (44) (45) (46) . Moreover, the absence of bands below 280 cm Ϫ1 rules out the possibility of partial histidyl cluster ligation. Addition of the substrate did not significantly perturb the RR spectrum, suggesting that bound substrate or product also binds via an oxygenic ligand. In contrast, the presence of DTT significantly lowered the frequencies of the two bands to 292 and 332 cm (50 -54) .
Samples of dithionite-reduced DHAD frozen immediately after addition of substrate gave rise to a dominant faster relaxing species with g-values of 2.06, 1.91, and 1.88 (species III, g av ϭ 1.95) and a minor slower relaxing species with g-values of 2.00, 1.90, and 1.81 (species IV, g av ϭ 1.90) (Fig. 3B ). Species III is attributed to the substrate-bound form, because thawing the sample and incubating at room temperature for 30 min resulted exclusively in the product-bound species IV (Fig. 3C ). Evidence that species IV is a product-bound species also comes from the observation that an identical EPR signal was observed when reduced spinach DHAD was treated with the product 2-ketoisovalerate (2) . Addition of DTT results in an almost axial spectrum, g-values of 2.02, 1.92, and 1.90 (species V, g av ϭ 1.95), that is similar to those reported for fully cysteinyl-ligated clusters ( Fig. 3D) (48, 51, 52) . Taken together with the UV-visible absorption/CD and RR studies of the oxidized enzyme, the EPR results indicate that DTT binds to both the oxidized and reduced [Fe 2 S 2 ] 2ϩ,1ϩ centers in DHAD.
IscS-mediated in vitro Fe-S cluster reconstitution of AtDHAD
Because recombinant AtDHAD is expressed in E. coli with sub-stoichiometric [Fe 2 S 2 ] clusters, IscS-mediated cluster reconstitution was attempted to obtain samples with maximal cluster content. Apo-DHAD was anaerobically incubated with excess L-cysteine, ferrous ammonium sulfate, and a catalytic amount of IscS for 4 h. Unexpectedly, repurification of the reconstitution mixture yielded a colored fraction that contained a different type of cluster, based on comparison of the UV-visible absorption and CD spectra with as-purified DHAD ( 2ϩ,1ϩ clusters to the CD spectrum is negligible. Dithionite reduction of reconstituted DHAD resulted in fast-relaxing S ϭ 1/2 resonance with g-values of 2.05, 1.91, and 1.82 (g av ϭ 1.93) accounting for 0.3 Ϯ 0.1 spin cluster (Fig. 6) . The sub-stoichiometric spin quantification is attributed to a low-potential [Fe 4 S 4 ] 2ϩ,1ϩ cluster, which is only partially reduced by dithionite at pH 8 to yield a S ϭ 1/2 [Fe 4 S 4 ] 1ϩ cluster. This conclusion is based on the absorption changes on reduction and the lack of significant low-field EPR features at low temperatures and high powers indicative of a S ϭ 3/2 [Fe 4 S 4 ] 1ϩ cluster (55, 56) . The EPR signal broadens with increasing temperature and is almost unobservable above 40 K, relaxation properties that are indicative of an S ϭ 1/2 [Fe 4 S 4 ] 1ϩ cluster. The EPR signal was not perturbed by addition of the substrate, even after rapid freezing, suggesting that the assembled [Fe 4 S 4 ] cluster is not able to bind substrate.
We subsequently investigated the nature of the cluster reconstituted on DHAD in the presence of the plastidial carrier protein AtNFU2. NFU2 was chosen for three reasons. First, 
Maturation of AtDHAD via cluster transfer
The above results prompted an investigation into the rate of in vitro cluster transfer to apo DHAD using NFU2 pre-loaded with [Fe 2 S 2 ] 2ϩ clusters. The marked difference in the UV-visible CD spectra of the [Fe 2 S 2 ] cluster-replete donor and acceptor proteins enables quantitative monitoring of the rate of cluster transfer (Fig. 7A) . Upon addition of a 3-fold excess of apo DHAD, with respect to the [Fe 2 S 2 ] cluster content of NFU2, the CD spectrum converts to that of holo DHAD with a single set of isosbestic points. This indicates intact [Fe 2 S 2 ] 2ϩ cluster transfer from NFU2 to DHAD, which is Ͼ90% complete within 24 min. Intact cluster transfer was also demonstrated by the observation that the rate of cluster transfer was not perturbed by the presence of 1 mM EDTA. The rate of cluster transfer was assessed by monitoring the change in CD intensity at 466 nm ( 2ϩ cluster transfer from NFU2 to apo DHAD also occurred in the presence of 1 mM DTT to yield the DTT-bound form of DHAD, using a 1:1 cluster acceptor/donor ratio (Fig.  7B) . However, the lack of a single set of isosbestic points and the rapid loss of the CD signal of the NFU2 ] NFU2 has negligible CD intensity, and was found to be similar to that observed in the absence of DTT (Fig. 7C) . Interestingly, the UV-visible absorption and CD spectra of [Fe 2 S 2 ] 2ϩ cluster-bound NFU2 are not significantly perturbed by the 1 mM DTT (compare Fig.  7, A and B) . This suggests that the binding of [Fe 2 S 2 ] 2ϩ clusterbound NFU2 to apo DHAD exposes the cluster, making it accessible to ligation by DTT. Such DTT-mediated cluster transfers are unlikely to be physiologically relevant.
There are several other potential carrier proteins that have been implicated in the biogenesis of [Fe 2 S 2 ] cluster-containing proteins in plastids, namely GRXS14, GRXS16, and SUFA1. To assess the capability of these proteins to transfer clusters to DHAD, we also carried out parallel in vitro experiments using cluster-loaded forms of these alternative donors. Negligible (Ͻ10%) [Fe 2 S 2 ] 2ϩ cluster transfer to apo AtDHAD was observed after 50 min using [Fe 2 S 2 ] 2ϩ cluster-bound GRXS14 as the donor with a 1:1 cluster acceptor/donor ratio (Fig. 7D) . 
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Analogous results were observed using [Fe 2 S 2 ] 2ϩ clusterbound GRXS16 in place of GRXS14 as the donor (Fig. 7E) . In addition, no evidence for any [Fe 2 S 2 ] 2ϩ cluster transfer to apo AtDHAD cluster transfer was observed after 50 min using [Fe 2 S 2 ] 2ϩ cluster-bound SUFA1 as the donor with a 1:1 acceptor/donor ratio (Fig. 7D) . Clearly, in vitro cluster transfer experiments point to [Fe 2 S 2 ] 2ϩ cluster-bound AtNFU2 as the probable physiological cluster donor for maturation of AtDHAD.
Activity studies of AtDHAD samples
As shown in Fig. 8 2ϩ,1ϩ centers in DHAD. This was confirmed by the activity results, which show a 63% decrease in activity on addition of a 20-fold excess of DTT that is largely reversed on removal of DTT by dialysis. This is consistent with DTT acting as a competitive inhibitor for DHAD.
Discussion
DHAD catalyzes a key step in the BCAA biosynthetic pathway in plant plastids, and in vivo studies in A. thaliana have shown that DHAD is essential and highly expressed in most vegetative and reproductive tissues (57) . In addition, reduced expression of AtDHAD results in a short-root phenotype due to reduction of all three BCAAs in plant roots (57) . This work describes the first in vitro characterization of recombinant AtDHAD expressed in E. coli and provides new insights into the nature, properties, biogenesis and catalytic role of the activesite Fe-S center. In particular, AtDHAD was shown to bind either one [Fe 4 
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ration of DHAD. These observations, coupled with the finding that the short-root phenotype associated with DHAD and NFU2 depletion (33, 57) can be rescued by the addition of BCAAs, 5 provide compelling in vitro and in vivo evidence that NFU2 plays a role in DHAD maturation.
Coordination environment of Fe-S clusters in AtDHAD
As a member of the Fe-S cluster-containing (de)hydratase family, the AtDHAD Fe-S cluster would be expected to be coordinated by three cysteine residues and have a water-or hydroxide-bound site for substrate binding and activation (7) . However, as a rare example of a (de) 2ϩ cluster and support ligation by three cysteinates and an oxygenic ligand in the as-purified, substrate-bound, and product-bound forms of the enzyme and three cysteinates and one DTT thiolate in the DTT-inhibited enzyme. The reduced enzyme has ϳ15% of the oxidized enzyme activity (2) and exhibits distinct EPR spectra as purified and in the presence of substrate, product, and the competitive inhibitor DTT (Fig.  3) 1ϩ cluster (48, 51, 52) . Consequently, the observation of two species (I and II) with large g-value anisotropy and low g av values (1.92) in the reduced resting enzyme is attributed to heterogeneity at the Fe(II) site, possibly due monodentate/bidentate aspartate ligation or serine/serinate ligation. The product-bound form, species IV, is homogeneous with g-value anisotropy and a g av value (1.90) similar to the resting enzyme species I, implying monodentate or bidentate product ligation at the Fe(II) site of the reduced cluster. In contrast, the substrate-bound form, species III, has decreased g-value anisotropy and a g av value (1.95) similar to the DTT-bound form, species V (1.95). This implies that substrate binding as a monodentate or bidentate ligand induces a change in the site of reduction, so that the substrate is bound to the Fe(III) site and the Fe(II) site has two thiolate ligands. This is in accord with the observation of some activity for the reduced enzyme, because Fe(III) is a much stronger Lewis acid catalyst than Fe(II) for activating the 3-hydroxyl group on the substrate and facilitating the elimination reaction (Fig. 1) . Clearly structural studies and/or EPR/ENDOR studies involving isotopically labeled substrate and product will be required for a complete understanding of the cluster environment, mode of substrate/product binding, and detailed catalytic mechanism of DHAD. 2ϩ clusters treated with 20-fold excess of DTT followed by dialysis to remove DTT (ϪDTT).
Maturation of apo DHAD
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cluster transfers that have been documented in the literature under comparable conditions (37, 59) . Other plastidial NFUs may serve for maturation of DHAD in vivo. For instance, the study of nfu2 and nfu3 mutants indicated partial functional redundancy in terms of the roles of AtNFU2 and AtNFU3 in the maturation of [Fe 4 S 4 ] cluster-containing subunits in photosystem I (34, 60) and complementation of NFU2 function by NFU3 in roots. 5 Hence, it seems likely that both AtNFU2 and NFU3 are capable of binding and transferring both [Fe 2 S 2 ] and [Fe 4 S 4 ] clusters, and we cannot rule out the possibility that AtNFU2 and NFU3 have redundant functions for maturation of DHAD in plant shoots. However, recombinant AtNFU3 expressed in E. coli is purified as an apo protein under aerobic and anaerobic conditions. Also, in contrast to a recent report (60) 2ϩ cluster from NFU2 in NFU2-DHAD transient complex, followed by insertion of the DTT-bound cluster into apo DHAD. Although pretreatment of the apo acceptor protein with DTT is commonly used to cleave protein disulfides, it is clearly necessary to remove DTT prior to conducting cluster transfer reactions under strictly anaerobic conditions. cluster is E. coli 2-methylcitrate dehydratase (PrpD), but this cluster was sensitive to oxygen and not as well-characterized (69) . However, the reason why DHADs from different organisms utilize different types of clusters is still a mystery and is likely to be evolutionarily or metabolically relevant.
Some clues are provided by two recent phylogenetic studies on DHAD. By studying archaeal DHADs, Kim and Lee (5) suggested that bacterial DHADs and eukaryotic DHADs are genetically more closely related to Euyarchaeota and Crenarchaeota, respectively. So the differentiation point for different types of DHAD may have occurred early on the evolutionary time scale (5) . Based on a more comprehensive phylogenetic tree involving 73 organisms, Lill and co-workers (28) classified DHADs from most of the eukaryotes and aerobic or chemoorganotrophic bacteria as [Fe 2 S 2 ] cluster-containing, whereas the [Fe 4 S 4 ] cluster-containing branch consisted primarily of facultative anaerobic bacteria, indicating that the types of clusters may be a result of aerobic growth. A sequence alignment of nine DHADs (five from bacteria, two from fungi, and two from higher plants) is shown in Fig. 9 . Only 21% of residues are identical throughout all sequences. If only prokaryotes or eukaryotes are compared, the total number of identical residues increases to 29 and 46%, respectively. Among the 10 conserved cysteine residues for plants, three (Cys-173, Cys-239, and Cys-245 in Arabidopsis) are conserved for all nine sequences and potentially serve as cluster ligands. In addition, three more cysteine residues (Cys-100, Cys-282, and Cys-604 in Arabidopsis) are conserved for all the eukaryotic DHADs, and these may be involved in an oxygen-resistance mechanism. Another feature worth noting is that sequences of the three facultative anaerobic bacteria (E. coli, Salmonella enterica and Haemophilus influenzae) have an insertion of about 33 amino acid residues starting at around position 368 of the E. coli sequence. In fact, all the sequences of the [Fe 4 S 4 ] cluster branch of the phylogenetic tree built by Lill and co-workers (28) have the same insertion, and the sequence identity for this group is close to 80%, which separate them from the other branch. Taken together, the appearance of [Fe 2 S 2 ] cluster-containing DHADs may have resulted from an early evolutionary splitting as a strategy for coping with the gradual change from an anaerobic to an aerobic atmosphere on earth due to the production of O 2 by cyanobacteria, the evolutionary precursors of chloroplasts.
Experimental procedures
All the chemicals and supplies used in this work, unless otherwise specified, were purchased from Sigma or Thermo Fisher Scientific. Anaerobic operations were performed inside a Vacuum Atmospheres glovebox under argon atmosphere with oxygen levels Ͻ2 ppm. Chromatography instruments and columns were purchased from GE Healthcare.
Plasmid construction
The AtDHAD (At3g23940) coding sequence was amplified by PCR from rosette cDNAs using the following primers: AtDHAD forward (5ЈCCCCCCATGGCTACTGACACCAAT-AAGCTC3Ј) and AtDHAD reverse (5ЈCCCCGGATCCTTAC-TCGTCAGTCACACAЈ). The PCR product was digested with NcoI and BamHI, cloned into the pET3d vector, and verified by DNA sequencing. The amplified sequence encodes a protein lacking the first 53 amino acids, corresponding to the putative plastid targeting sequence. Because of the use of the NcoI restriction, a codon for an alanine was added in the primer to keep the sequence in-frame.
Heterologous expression and purification of enzymes
Azotobacter vinelandii (Av)IscS (70), AtNFU2 (36), AtSUFA1 (39) , and AtGRXS14/S16 (37) were heterologously expressed and purified as described previously. The plasmid containing the AtDHAD coding sequence was used for expression into the E. coli BL21(DE3) strain. An overnight LB-agar plate-grown colony was used to inoculate 1 liter of LB containing 100 g/ml ampicillin and grown at 37°C until reaching exponential phase. The culture was then treated with 0.5% (v/v) ethanol and kept at 4°C for 2 h before induction by 200 g/ml isopropyl 1-thio-␤-D-galactopyranoside. After an overnight incubation at 20°C, the cells were harvested by centrifuging at 6690 ϫ g at 4°C for 5 min and stored at Ϫ80°C for later use.
In a routine purification of DHAD, 15 g of cell paste were resuspended in 40 ml of 100 mM Tris-HCl buffer, pH 8.0, containing 2 milliunits/ml DNase (Roche Applied Science), 0.5 g/ml RNase (Roche Applied Science), 150 g/ml phenylmethanesulfonyl fluoride, and 0.05% (v/v) polyethyleneimine. The cells were lysed by intermittent sonication using an ultrasound dismembrator model 500 (Thermo Fisher Scientific) and centrifuged at 39,800 ϫ g at 4°C for 1 h to remove insoluble components. The supernatant was subjected to 40% saturation of ammonium sulfate treatment, and the precipitate was removed by centrifugation at 39,800 ϫ g for 20 min. The clear supernatant was then loaded onto a 70-ml phenyl-Sepharose column pre-equilibrated with 100 mM Tris-HCl buffer, pH 8.0, containing 1.0 M ammonium sulfate. Fractions containing DHAD eluted between 300 and 100 mM ammonium sulfate as determined by SDS-PAGE. The fractions were pooled and concentrated by Amicon ultrafiltration using a YM30 membrane (EMD Millipore) and loaded onto a 25-ml Q-Sepharose column. DHAD (Ͼ90% pure as judged by SDS-PAGE) eluted between 300 and 400 mM NaCl.
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Preparation of apo DHAD and IscS-mediated in vitro reconstitution of DHAD As-isolated DHAD in 100 mM Tris-HCl buffer, pH 8.0 (buffer A), was incubated with at least 50-fold excess of DTT, sodium dithionite, and EDTA for 3 h and desalted using a gel-filtration column. The resulting samples of apo AtDHAD contained Ͻ0.03 [Fe 2 S 2 ] clusters per monomer, as judged by UV-visible absorption and CD spectroscopies. In vitro reconstitution of DHAD was initiated by addition of a catalytic amount of AvIscS to the reaction mixture containing 0.5-1.0 mM apo DHAD, 10-fold excess of ferrous ammonium sulfate, and 10-fold excess of L-cysteine under strictly anaerobic conditions in a glove box under argon. The reaction was monitored by absorption and CD spectroscopies for 3-5 h, and the cluster-bound protein was repurified using a 15-ml HiTrap Q HP column inside the glove box. A stoichiometric amount of apo AtNFU2 was added to the reaction mixture prior to the addition of IscS for anaerobic reconstitution of DHAD in the presence of NFU2.
Spectroscopic and analytical methods
All samples for spectroscopic studies were prepared under strictly anaerobic conditions. UV-visible absorption spectra were recorded using a Shimadzu UV-3101 PC scanning spectrophotometer. CD spectra were recorded using a JASCO J-715 spectropolarimeter. Septa-sealed quartz cuvette cells with either a 1-mm or 1-cm pathlength were used for both absorption and CD spectroscopies. Resonance Raman spectra were acquired using a Ramanor U1000 scanning spectrometer (Instruments SA, Edison, NJ) fitted with a cooled photomultiplier tube and photon-counting electronics (Instruments SA, Edison, NJ), using excitation lines from a Sabre argon laser (Coherent, Santa Clara, CA). A droplet of concentrated sample (ϳ2 mM in Fe-S clusters) was frozen at 17 K on a gold-plated sample holder mounted to a cold finger of a Displex Model CSA-202E closed cycle helium refrigerator (Air Products, Allentown, PA). Each RR spectrum is a sum of 80 -100 scans with each scan involving photon counting for 1 s at 0.5-cm Ϫ1 increments with 7-cm Ϫ1 spectral resolution. X-band (ϳ9.6 GHz) EPR spectra were recorded using a Bruker ESP-300D spectrometer equipped with an ER-4116 dual mode cavity and an Oxford ESR 900 flow cryostat.
Protein concentrations were determined by DC protein assay (Bio-Rad) using bovine serum albumin as standard (71) . Iron concentrations were determined colorimetrically with bathophenanthroline under reducing conditions using 1000 ppm atomic absorption iron as standards, after digesting proteins with KMnO 4 /HCl (72) .
Cluster transfer from [Fe 2 S 2 ] cluster-bound proteins to apo DHAD
The [Fe 2 S 2 ] cluster-bound forms of AtNFU2, GRXS14, GRXS16, and SUFA1 were prepared by IscS-mediated reconstitution as described previously (36, 37, 39) . Prior to the initiation of the cluster transfer reaction, apo DHAD was incubated with 1 mM DTT or 5 mM TCEP for at least 30 min. DTT or TCEP was then removed by dialysis prior to cluster transfer experiments, unless otherwise indicated. The cluster transfer experiments were carried out in buffer A and initiated by addition of stoichiometric or excess apo DHAD to cluster-bound forms of NFU2, GRXS14, GRXS16, or SUFA1, each of which had [Fe 2 S 2 ] 2ϩ cluster concentrations between 40 and 50 M. The time course of cluster transfer was monitored by CD spectroscopy at room temperature for up to 120 min. Kinetic data for cluster transfer experiments were analyzed using the Chemical Kinetics Simulator software package (IBM).
Enzymatic activity of DHAD
DHAD was assayed spectrophotometrically by a modification of methods described by Kiritani and Wagner (6) . The substrate (2,3-dihydroxyisovalerate) was synthesized using the procedure described by Nielsen et al. (73) . The assay was conducted in buffer A containing 5 mM MgCl 2 . The formation of the 2,4-dinitrophenylhydrazone (from the keto product of the enzymatic reaction) was measured by absorption at 550 nm. The activity was recorded as specific activity (unit/mg of protein), where 1 unit is defined as amount of enzyme that converts 1 mol of substrate to product per min at 37°C. 
